The oil-line electrostatic sensor (OLS) is a developing debris monitoring sensor. Previous work has shown that electrostatic charge signals can indicate the debris by calculating the Root Mean Square (RMS) value or the correlation-based indicator, but the precision of these methods is not high. This paper further developed the more accurate methods to obtain detailed debris information. Firstly, to interpret the monitoring principle of OLS and provide the guidance for developing the debris recognition methods, this paper analyzed the possible charge sources in the lubrication system and obtained the characteristics of the OLS by establishing its mathematical model. Further, a new OLS test rig was designed and verified the correctness of the sensor's characteristics and its mathematical model. Based on the characteristics of the sensor, two new debris recognition methods were proposed. Finally, the effects of the new debris recognition methods were verified by the practical industrial gearbox bench test. Results showed that, compared to the traditional methods, the new methods could recognize the debris effectively and provide more detailed information of the debris.
Introduction
Oil monitoring of lubrication system is an important way to monitor the friction pairs, such as bearings and gears [1] . The traditional methods of oil monitoring are most off-line, such as ferrograph, spectrometric oil analysis, and optical microscopy [2] . However, with the development of Prognostics and Health Management (PHM), on-line condition monitoring systems become the essential requirement of the PHM for important components. The use of chip detectors and inductive devices makes the on-line oil monitoring a reality. Whereas due to the restrictions of their monitoring principles, chip detectors are incapable of capturing nonferrous debris and inductive devices are also insensitive to smaller particulate and nonferrous debris. Some researchers have been improving the detection capability of the inductive sensor [3, 4] , but nowadays the detection range of the mature inductive devices is typically >100 m ferrous and >250 m nonferrous debris in practical application [5, 6] . With the application of new nonferrous materials in friction pairs, such as the ceramic bearing, these kinds of sensors will not be able to monitor them effectively. To solve these problems, the oil-line electrostatic sensor (OLS) was developed.
Wood from the University of Southampton first proposed the electrostatic induction method at the World Tribology Conference in 1997 trying to monitor the oil-lubricated gear gluing or adhesive wear [7, 8] . The basic principle is that the debris produced by the failure of components in the oil system will carry a certain amount of charge, which will be monitored by the electrostatic sensor according to the principle of electrostatic induction [9] . In past decades, the effectiveness of oil debris monitoring has been proved by the successful applications of ferrography technologies and inductive transducers. Monitoring of the debris, especially the tiny debris, can indicate the onset of failures. Researches have shown that in the laboratory the OLS is sensitive to sub 20 m metallic or nonmetallic debris [10] . As a new debris monitoring technology, the OLS is still under development. The challenges mainly focus on the mechanism of charge generation in the lubrication system, the characteristics, and the industrial application of the sensor.
Mathematical Problems in Engineering
A series of experiments were designed and attempt to explain the mechanism of charge generation in the lubrication system. Through experiments, Harvey found the debris produced by adhesive wear to be positively charged and the magnitude of charge was directly related to the total volume loss [11] . Wood presented an experimental investigation into the effect of lubricating oil quality on tribo-charging, which indicated that the oil flow would also carry some charge [12] . In addition, Harvey designed a test rig and studied the effects of oil chemistry on the charging ability of various oils [13] . Morris investigated how component material affected the charge mechanisms [6] . Also, Ling Wang conducted research on ceramic material and the quantitative relationship between charge level and wear volume [14] .
Compared with the study of the charge generation mechanism in the lubrication system, there is much less research on the sensor system itself, such as the model and the sensing characteristics of the sensor. However, in other areas, there are some similar studies. In the field of gas-path electrostatic monitoring, Honor proposed a simple equation of a rob-shaped electrostatic sensor to indicate the relationship between the measured charge and the real signal [15] . Chen established a model of a plate-shaped electrostatic sensor and analyzed the sensor's sensing characteristics [16] . Addabbo T studied the effects of conditioning circuits on the signal waveforms, which provided guidance for building a suitable electrostatic sensor acquisition circuit [17] . In the field of gas-solid two-phase flow measurement, Zhang established a mathematical model of the strip-shaped electrostatic sensor [18] . Although some methods and ideas from other areas can be referenced, due to the different sensor structures and the different application situations between the OLS and other kinds of electrostatic sensors, to understand the OLS indepth, it is necessary to investigate the detail mathematical model for the OLS and derive its own sensing characteristics theoretically to provide guidelines for the application.
In the field of OLS application, the most famous experiment is the engine test conducted by Pratt and Whitney [9] . Two F100 seeded fault engine tests (SFETs) were provided to explore the practical application of OLS. However, in this experiment, the sensor did not really detect the debris [15] , whereas an application in the wind turbine gearbox achieved a relatively good result [19] . In addition, several laboratory-based simulation experiments also obtained good measurement results, such as the FZG test carried out by Harvey [12] and the bearing rig test conducted by Harvey [5] . The different measurement environments may lead to the differences of the results, and obviously the practical industrial environment is more challenging for the OLS. What is more, the signal analysis method is also one of the limitations for the application of the OLS. From the existing researches, there are two main analysis methods for electrostatic signals: monitoring the RMS value of the output signal and calculating the cross-correlation function between the dual sensing elements in the sensor. Powire put forward these two methods and applied them in the signal processing of an engine bench test and an FZG gear scuffing test [6, 9, 10] . Subsequently, Chen et al. applied these two methods in the rolling element bearings anomaly monitoring [20, 21] .
Harvey also used the RMS value as a feature to indicate the health condition of the rolling element bearings [5] . In these applications, the two methods achieved some effects but did not reach the level of individual debris recognition. Moreover, the RMS value of OLS may be load-dependent as well being influenced by working condition of the oil. Furthermore, for correlation-based method, it is insensitive for the situation when the debris is tiny and the amount of debris is few. Mao tried another method based on the pulse recognition, but the method needs more theoretical proof and effect tests [19] . Therefore, it is necessary to continue to extract more efficient features to indicate the generation of the debris, especially the features suitable for the practical application environment.
To summarize, it can be seen from the above reviews that although the mechanisms of charge generation in the oil system are still not fully understood, it is believed that the debris will carry a certain amount of charge in the lubricating oil system. The characteristics of the OLS are essential to the application of the sensor, but only a few articles have been reported, which needs further research. Although several simulation experiments have been carried out, including the engine bench experiment, the data analysis methods did not reach the level of debris recognition. Some researchers proposed the correlation-based and RMS-based parameters to characterize the debris, but their physical meanings are unclear and the effects are not so good, which leads to the limitation of the sensor's applications.
This study aims to improve the oil-line electrostatic monitoring technology further and try to solve the above problems by detailing the research on the characteristics of the sensor and its recognition methods of debris. To this end, by constructing the detailed mathematical model of the OLS, the characteristics of the sensor and its change rules were analyzed in-depth first, which could provide the guidance for developing the debris recognition method. Then, a new OLS calibration device was constructed by creatively using a charged oil droplet to simulate the charged abrasive debris, which has the ability to verify the established mathematical model and the correctness of the derived sensor characteristics. Thirdly, according to the characteristics of the sensor signal, a new method for identifying abrasive particles suitable for practical applications and an abnormal monitoring method based on electrostatic signals are proposed. Moreover, with the practical industrial gearbox bench test, the proposed new methods along with the traditional methods for debris recognition are analyzed and compared. The rest of this paper is organized as follows. In Section 2, this paper researches the principle of the sensor by analyzing the possible charge sources in the oil system, establishing the mathematic model and deducing the characteristics of the sensor from the model. In Section 3, an OLS test platform is designed to validate the correctness of the performance and the mathematic model of the sensor. In Section 4, based on the characteristics of the sensors, two new methods are proposed to recognize the debris. In addition, a practical application of the sensor in the industrial gearbox is carried out to verify the feasibility of OLS and its debris recognition methods. Conclusions are drawn in Section 5.
The Principle of OLS
The research on the principle of OLS mainly includes the study of the charge generation mechanism in the lubrication system and the sensor's characteristics, while establishing the mathematical model of OLS is a good way to determine its characteristics. Therefore, this section will discuss the three parts separately.
. . Charge Generation Mechanisms. To detect the debris successfully, the electrostatic monitoring technology under the lubrication condition requires an in-depth study of the charging mechanism of the debris and the analysis of other possible charge sources in the oil system. The exact physical reasons for these charge generation events are still under investigation, but evidence shows that they are linked to the onset of debris formation and tribo-charging [22] .
When the lubrication failure or oil film rupture occurs, the friction surface will contact directly. In severe cases, gluing will occur and lead to destructive failure damage. During this case, the touching asperities adhere together, and the plastic shearing removes the tip of the softer asperities, leaving them adhering to the harder surface. Subsequently, the asperities are detached and contribute to the generation of debris [11, 23] . In this process, the formation of debris is accompanied by energetic shearing and requires the breaking of multiple atomic bonds resulting in a net charge on the parent surface and the detached material [11] . This debris' charge is related to the physical nature of the detached material and the properties of the surrounding medium. Also, the morphology of the debris such as the size will influence the charge. Studies have shown that the charge density of debris can reach 3×10 11 e/cm 3 . Taking a debris with a diameter of 100 m as example, it will carry a charge of 10 pC [24] .
In the lubrication oil system, besides the formation of debris accompanied by the generation of charge, studies show that the oil's relative motion over a solid surface will also lead the oil to carry some charge, which is a well-known electrochemical concept named tribo-charging [25] . There is a double layer existing in the interface of the metal and the low conductivity oil. The oil layer closest to the metal's surface consists of either all positive or all negative charges. When low conductivity oil flows over the solid surface, the relative motion will lead a portion of double layer to be stripped and entrained into the oil flow and thus generate free electrostatic charge in the oil flow. However, the charge density generated during the flow of the lubricant is low [22] . In addition, the oil system is usually stable, so the tribo-charge is also relatively constant. Therefore, the oil charge is considered as the background signal of the OLS. With the degradation of oil, the overall background charge level will change. Typically, charge levels will reduce with the oil degradation [15] . This is also the potential for OLS to monitor the oil degradation.
. . e Mathematic Model of the Sensor. As Figure 1 shows, the structure of the OLS consists of metal annular electrode, insulator, shield cover, and signal acquisition system. According to the principle of electrostatic induction, when the charged debris passes through the sensor, it will generate the induced charge on the metal electrode, and the quantity of the induced charge can be obtained through the acquisition circuit as shown in the right part of Figure 1 . The induced charge on the electrode is amplified by the charge amplifier and converted into the analog voltage signal. Then through the A/D conversion circuit, the analog signal is converted into a digital signal and stored into the computer for further processing. Due to the principle of the charge amplifier, the measured voltage signal has a linear relation with the original charge signal.
To understand the characteristics of the electrostatic sensor deeply, the relationship between the debris charge and the electrostatic sensor signal needs to be further studied, which can be easily obtained by establishing the sensor's mathematical model. Based on the physical structure shown in Figure 1 , the mathematical model of the sensor can be established as follows. In practice, the amount of debris passes through the sensor each time is not constant, since the amount could be single or multiple. But according to the superposition principle, the case of multiple debris can be obtained by superimposing the case of single debris, so the model in this paper is established only for the case of single debris and given that the debris can be considered as a point charge.
Firstly, to build the model, the spherical coordinate system was established as shown in Figure 2 . The coordinate system takes the axis direction of the ring-shaped sensor as the zenith direction, the plane orthogonal to the zenith, and contained the point charge as the XOY plane and the intersection of XOY plane and Z axis as the origin. In the XOY plane, the point charge is located at the position ( , , 0) (0 ≤ < R, R represents the radius of the sensor). In the XOZ plane, a microelement sensing region denoted by d is taken from the electrode, whose coordinate is ( , 0, ). So, the distance from d to the point charge is
By Coulomb's law, the electric field intensity at d denoted by d can be obtained: where 0 is the vacuum dielectric constant; is the charge of the point charge. According to Gaussian theorem, the charge d induced by the point charge at d is (1), (2), and (3), d can be obtained as
The charge d generated by the point charge in the annular electrode with the polar angle is
To get the entire induced charge on the electrode, a new coordinate system was established, whose origin is the center of the probe and reference plane is the cross section, as shown in Figure 3 . In the new coordinate system, the height of the electrode is 2b and the coordinate of point charge is ( , , 0 ), where , are the projections in X and Y axis of the point charge. So, in the spherical coordinate system, the range of the polar angle of ds can be expressed as
Subsequently, the induced charge on the entire electrode is Substituting (5) into (7), the induced charge on the electrode is
Equation (8) is the mathematical model of the sensor. Through the mathematical model, when the debris passes through the sensor, the output waveform of the sensor can be simulated as shown in Figure 4 . It can be seen that the amplitude and the pulse width are two important parameters of the debris' signal. For the convenience of identification, the pulse width is defined as the time between the points with the value of 0.1 amplitude [26, 27] . Specifically, because of the symmetry of the sensor structure, the amplitude of the signal occurs in the position where the debris pass through the center cross section of the electrode. Therefore, the study of OLS's characteristics in this paper mainly focuses on the change rules of the amplitude and pulse width of the signal.
. . Relationship between the Debris and Output Signals.
Since this paper studies the identification method of debris, it is not necessary to consider the influence of the sensor's structural parameters in the model. For the sensor whose structural parameters have been determined, the induced charge is only related to the characteristics of debris (radial position, speed, and charge). With the mathematical model, we can simulate the corresponding relationships qualitatively. In this paper, the electrode's length and radius of the sensor for simulation analysis are 70mm and 19mm, respectively. independent of the point charge q. It is obvious that, in the constant radial position and speed, the signal's amplitude is proportional to the charge of the debris. Through simulating the outputs when the = n × 0 (n = 1, 2, . . . , 8, 0 = 1pC), respectively, the results were shown in Figure 5 . From simulation results and the mathematical model, it can be concluded that, in the same radial position and speed, (1) the amplitude of the signal increases linearly with the increase of the debris' charge; (2) since the signal waveform is amplified as a whole, the pulse width does not change with the debris' charge.
. . . e Relationship between the Radial Position and the
Signal. In model (8) , the relationship between the output signal Q and the radial position of the debris is not simply linear. However, the numerical calculation can be used to qualitatively simulate the relationship. The simulated signals in radial position = {0, 0.002, 0.004, . . . , 0.016, 0.018 mm} are shown in Figure 6 .
It can be seen from Figure 6 that if the speed and charge of the debris remain constant, (1) the closer the debris is to the wall of the electrode, the greater the amplitude of the signal is; (2) the closer the debris is to the wall, the smaller the width of the signal is. In particular, the relationship between the width and position can be fitted by quartic polynomial.
. . . e Relationship between the Velocity of the Debris and the Signal. In model (8) , V × can be regarded as the position of the debris in the -axis direction. Based on this, model (8) can be transformed into = ( ), where ( ) is a function independent of the speed and time. The essence of the pulse width is the time the debris passes through the points of 0.1 amplitudes. The points induced 0.1 amplitudes which are fixed, so if the speed is different, the elapsed time is different, that is, the pulse width is different. Therefore, from the mathematical model, the speed of debris only affects the pulse width and does not affect the amplitude of the signal. At the same radial position, simulations were carried out on the speeds n × V (n = 1, 1.2, 1.4, . . . , 2.8, V = 2.96 m/s). The results are shown in Figure 7 . It can be concluded that, in the same radial position, (1) as the debris' speed increases, the pulse width will decrease, and specifically they obey the inversely proportional relationship; (2) the amplitude does not change with the speed.
Through the above analysis, the characteristics of the sensor can be concluded. Firstly, the amplitude of the signal has a proportional relationship to the charge of the debris and a nonlinear relationship with the radial position of debris. The amplitude of the signal has nothing to do with the flow rate and specifically, the relationship between the amplitude of the signal and the charge of the debris q can be measured by the sensitivity of the sensor, which is defined as = / and can be obtained by calibration experiments. Secondly, the pulse width of the signal is related to the velocity and radial position of the debris, and when the radial position is constant, the pulse width is inversely proportional to the speed. When the velocity is constant, the pulse width decreases nonlinearly with the radial position.
Verification Experiments in the Laboratory
In order to verify the correctness of the mathematical model of the sensor and the characteristics derived from it, an OLS verification test rig was designed, which can also be used to calibrate the sensor further. With the test rig, three sets of experiments were carried out to verify the relationship between the input and the output of the sensor in three different conditions, which were different sensory charge, different positions and different speeds.
. . e Test Rig. As Figure 8 shows, the test rig consists of an oil drop generation and charge section, a sensor support and positioning section, an electrostatic signal acquisition section, and an oil drop charge measurement section. The oil droplet charge section mainly includes the oil tank, valve, metal needle, ring electrode, and DC adjustable power supply. When the device works, through the valve the lubricating oil in the oil tank enters the high voltage electric field formed by the metal needle and the annular electrode. Under the action of the high voltage electric field, the oil droplets will carry a certain amount of charge. The high voltage electric field strength can be adjusted by the adjustable DC power supply, the maximum output voltage of which is 500 V. The relationship between the charge of the oil droplets and the applied voltage can be expressed by the formula:
= C , where C is the capacitance of the oil droplet, U is the applied voltage, and it is obvious that the charge quantity of the oil droplet is proportional to the voltage U. Therefore, the test rig can adjust the charge through changing the voltage linearly. The sensor support and position section can accurately adjust the relative position between the center axis of the sensor and the drop path of the oil drop through the slide rail and also the altitude of the sensor to adjust the speed when the oil drops pass through the sensor. The output signal of the sensor can be obtained in real time with NI acquisition card in the signal acquisition section. The charge measurement Figure 9 represents the measured data point and the dotted line is the fitting curve. It was proven from the fitting curve that the charge of the oil droplets produced by the device was proportional to the applied voltage, which was consistent with the theoretical model. As shown in Figure 10 , the actual signal's waveform was also consistent with the waveform calculated by the mathematical model. Therefore, the amplitude and pulse width of the signal can be extracted as features. Figure 11 showed that the relationship between the actual amplitude of the signal and the oil droplet's charge was linear, while the relationship between the pulse width and the oil droplet charge was basically unchanged. In particular, the width of the experiment agreed with the simulation results in Figure 5 very well.
. . . Different Radial Positions. As can be seen from model (8) , in different radial positions, the sensor output is different. To prove this, the DC power supply voltage and the oil droplet equivalent speed were set to 300 V and 2.96 m/s respectively, and the output of the sensor was measured at the radial position {0, 4, 8, 12, 16, 18 mm}. The results in Figure 12 showed that, as the charged oil droplet got closer to the wall, the amplitude of the signal became higher, while the pulse width became shorter, which were consistent with simulation results. Meanwhile, the width also obeyed the fitting curve obtained by simulation result in Figure 6 .
. . . Different Velocities.
To verify the effect of speed on the electrostatic signal, the supply voltage was set to 300 V and the height of the sensor was adjusted so as to obtain different velocities of oil droplets, where the equivalent velocities were {1.8787,2.0766, 2.9694, 3.0988 m/s}. The outputs of the corresponding oil droplets at different speeds are shown in Figure 13 . It can be seen that the amplitudes of the signals remained almost unchanged, while the pulse width decreased with the increase of speed. Specifically, the experimental result of width was almost in line with the simulation curve in Figure 7 , which proved the model very well. Through the experiments, the correctness of the characteristics of the sensor and the mathematic model was verified. Thus, the debris can be identified by the electrostatic sensor's signal with the parameters of amplitude and pulse width. If there is debris, a signal with a certain amplitude and pulse width will be produced, which may contribute to the changes of some features that can be used to indicate the debris. Therefore, the next part will focus on the feasibility of electrostatic sensors in practical applications and the development of some methods sensitive enough to identify the debris in practical applications.
The Debris Recognition Methods and Application in the Gearbox
The verification experiment in the lab proved the correctness of the principle of OLS. However, due to the differences between the industrial environment and the laboratorial Velocity (m/s) Figure 13 : The relationships between the outputs and different velocities.
environment, such as the interference problem, in order to further validate the feasibility of the OLS's application in the industrial environment, with a gearbox manufacturer's bench test rig, the experiment on the industrial gearbox were carried out. Meanwhile, two kinds of effective debris recognition methods in the industrial environment were developed to analyze the signals.
. . e Test Rig and Test Procedures.
The experiment was performed in a practical industrial gearbox bench test rig. As shown in Figure 14 , the test rig consists of two practical industrial gearboxes, an electromotor as the drive motor and an electric generator as the loading motor. In the lubricant system of the main test gearbox, two electrostatic sensors integrated into a shielding box and spaced 150 mm apart were mounted in the oil-line of the gearbox to monitor debris produced during testing, aiming to investigate the feasibility of its practical application. The relative locations between the electrostatic sensors and the gearbox in the lubrication system are presented in Figure 14 . The electrostatic sensors were installed as close as possible to the gearbox so as to minimize the leakage of the charge on the debris and other influences. After the electrostatic sensors, there was a filter, which could ensure that the debris will no longer enter the oil-line. The diameter and length of the electrostatic sensor probe were 38 mm and 70 mm.
The experiment was a fatigue life test to evaluate the occurrence of wear, pitting and gluing of the tooth surface when the lifetime reached 230 h (13800 min). The input speed, input torque and output torque of the gearbox were 1500 rpm, 4900 Nm and 105000 Nm respectively. The process was divided into four stages and each stage accounted for a quarter of its lifetime. The gear was inspected after each stage. The sensor began to collect the data at the same time when the gearbox started. All data was stored on the computer for further analysis.
. . Methods of Debris Recognition Based on Electrostatic Sensors
. . . Method Based on the Amplitude and Pulse Width. According to the characteristics of the debris' signal, the debris can be directly identified by the amplitude and pulse width of the signal. However, in the industrial environment, the interference could be very serious, which may lead to the low accuracy of recognition. Therefore, a new recognition method based on two sensors was developed. As shown in Figure 15 , since the two sensors are installed successively in the flow direction, the debris will sequentially induce the characteristic pulse on the two sensors, and the delay time between the pulses is related to the moving speed of the debris and the distance between the two sensors. With the feature of delay time, the results from the two sensors will verify with each other, which is able to exclude the signal fluctuations and other external interference and improve the accuracy of identification further. The specific method is shown in Figure 16 .
Step . Firstly, to distinguish between the debris signal and the random noise signal, an amplitude threshold is set according to the noise level, and the signal above the threshold is considered to be the potential debris signal.
Step . For the signal beyond the amplitude threshold, further identify its peak, and then count the signal sequence backward until 0.1 peak values. The resulting count value multiplied by twice the sampling interval is the pulse width of the debris signal.
Step . According to the pulse width, determine whether the signal is caused by debris or interference. For interference, its pulse width is very short, while, for debris, the pulse width has a certain range corresponding to flow rate, which can be determined by the analysis of its model and experiments. The potential debris signal that has the certain range of pulse width is set as the Important Potential Debris Signal (IPDS).
Step . Verify the IPDS with the two sensors. As the debris passes orderly through the first sensor and the second sensor, there is a delay time between the occurrence times of the feature signal in the two sensors. By looking for the IPDS in the two sensors within the delay time range, the result can be further confirmed and the final recognition results are obtained.
In the case when multidebris passes the sensor at the same time, the superposition of the signal will cause the pulse width to be widened (out of the range determined by the analysis of its model and experiments) and thus be isolated to provide richer identification information. Here, we use a formula to correct large pulse width signals:
Number of debris = ⌈ the measured large width max (the range of the width) ⌉ . . . Method Based on the GEV Distribution. As analyzed above, the debris is correlated to the pulse components in the signal. As the debris pulse will cause the extreme value in the corresponding RMS value, the extreme RMS value can also reflect the debris' generation. General Extreme Value Theory is a branch of statistics concerning data with unusually low or high values, i.e., data that lies in the tails of the distribution [21] . Therefore, this paper proposed a method based on the General Extreme Values (GEV) Distribution, which reflected the information of the debris' generation through the distribution's change.
As shown in Figure 17 , the distributions of the extreme RMS value over a period of time from the beginning and end of the experiment can be both well fitted with the General Extreme Values (GEV) Distribution, where the black curve represents the beginning period and the red curve represents the late period. At the beginning, when the gearbox entered a steady working condition, the signal was mainly composed of a background signal, including ambient noise and a certain amount of charge carried by the oil flow. At this point, the extreme RMS value was relatively stable. As shown by the black curve, the tail phenomenon was not obvious, and the distribution was closer to the normal distribution. When the wear occurred, the debris induced the signals with relatively large amplitudes, as described in Sections 2 and 3, and then the tailing phenomenon of the electrostatic signal became very obvious. The detailed algorithm process is as follows:
Step . Calculate the RMS value of the signal every 100ms, as the duration time of the pulse in this experiment is around 100ms. Then set the interval to select the extreme value of RMS, where the interval is 1s. At last, set a time window width to calculate the extreme value's distribution.
Step . Calculate the extreme RMS value's distribution in each time window of the signal sequence. According to the analysis and statistical results, the distribution of the extreme RMS value can be fitted by the GEV distribution.
Step . Consider the beginning phase as a default healthy running state, whose distribution can be taken as a reference distribution. Then evaluate the differences between all the distribution with the reference distribution and take the results as an indicator of the occurrence of debris. Specifically, as the blue line shown in the Figure 17 , this paper takes the 95th-percentile of the healthy running state as the reference point, calculates the percentage of the points greater than the reference point in the new distribution, and defines the result as confidence value (CV) to evaluate the tail and the difference with the reference distribution, which is able to indicate the occurrence of the debris.
. . Results Analysis and Comparison.
In this experiment, the inspections of the first two stages (0∼3450 min and 3451∼6900 min) did not find any failure, but after the third stage (6900∼10350 min), a slight pitting within the acceptance range occurred. After the experiment, the inspection found the pitting area expanded. By comparing to the inspection results, the effectiveness of the developed two new debris recognition methods was evaluated. Simultaneously, this part also calculated the RMS value of the signal and the crosscorrelation function of the two sensors, which were used by the previous researchers. By comparing the results of all the four methods, the effectiveness of each method was researched.
. . . e RMS Value. The RMS value can indicate the charge level in the oil flow. Over a period of time, the increased amount of debris will make the electrostatic sensor sense more charge, which will also contribute to the higher RMS value. According to this, this method calculated an RMS value of the signal every minute. From the trend of the RMS value and its abnormal change point, some debris information can be extracted. As shown in Figure 18 , the RMS started with a very high value, which was considered to be related to the unstable running state of the system at the beginning. After a short time, the RMS value decreased to the relatively steady state. Starting from 6300 min, the RMS value began to fluctuate. At first, it declined sharply, and then rose to and stayed in a certain level. After that, it experienced another sharp decline and decreased to a relatively low level. This phase may be related to the occurrence of the failure. At around 11000 min, the RMS value increased obviously and then stayed at a high level until the end of the experiment.
. . . e Correlation-Based Method. Two electrostatic sensors were used to deduce velocity information related to the oil flow. Typically, this is evidenced by generation of debris, sufficient quantities of which will influence the flow quality monitored by the OLS [7] . By calculating the crosscorrelation function between the two signals per minute, the delay time can be extracted and then the speed of the oil flow can be expressed according to the formula:
where V means the speed of the oil flow and means the distance between the two sensors, and means the delay time. According to the formula, as remains constant, the delay time can indicate the speed directly. Firstly, a delay time was selected as a threshold according to the normal flow rate, and then any delay time greater than the threshold was identified as suspected debris. Through the statistics of the accumulated suspected debris, the results are shown in Figure 19 . The slope of the curve can indicate the generation rate of the debris. It can be seen that in the startup phase, there was not an abnormal phase similar to the RMS value. There were several phases where the slope was high, which usually corresponded to the occurrence of debris caused by failure, such as the period 7800∼8200 min, period 11200∼11800 min and period 11800∼13800 min.
. . . e Method Based on the Amplitude and Pulse Width.
The result of this new method is shown in Figure 20 . In the initial period 0∼1700 min, the generation rate of debris was around 6/min. From 1700 min, the debris level began to decrease and then stayed in around 2/min. At 6300 min, the amount of debris increased rapidly and remained in a relatively high level for about 60 minutes. From 7000 min, the debris increased to a high level again and remained the level until the end. The trend can be interpreted that the initial period 0∼1700 min might be related to the 'runningin' period, the phase 1700∼6300 min possibly corresponded to the stable operation stage, and the time 6300 min could be the moment failure occurred. Compared with the correlation-based method, the debris information extracted by the pulse width is more detailed. The correlation-based method can only calculate the correlation coefficient over a period of time, which means it can only characterize the presence of debris for a period of time instead of identifying the amount of debris. However, through the pulse width, all the potential debris can be identified. Thus, it can provide more information, such as severity of wear.
. . . GEV Distribution-Based Method. The results of this method are shown in Figures 21 and 22 . Figure 21 represents the mean value of every GEV distribution, the trend of which is very similar to that of RMS value in Figure 18 . Figure 22 shows the trend of CV. In the initial period 0∼1800 min, CV remained stable. However, after 1800 min, CV decreased rapidly and then stayed around a very low level until 6300 min, which corresponded to the stable operation phase of gearbox. At around 6300 min, there was a sudden rise and then it stayed in a relatively high level for nearly 500 minutes and then dropped again. After this period, the CV increased persistently and ended with a very high value.
To summarize, only the pulse width-based method and the GEV distribution-based method can indicate the running-in phase lying between around 0∼1800 min. During the period 2000∼6000 min, all the results of the four methods remained stable, which may correspond to the stable operation period. Beginning at around 6300 min, three methods except the correlation-based method experienced the abnormal increase successively, which was considered to be related to the occurrence of the initial fault. Until 7800 min, the correlation-based method monitored its first anomaly. However, the inspection after the second stage (3451∼6900 min) didn't find any fault, the reason of which might be that the fault was in its early stage and cannot be distinguished by the naked eye. Then, the RMS value (7200∼11000 min) and correlation-based method (8200∼11200 min) underwent a relatively stable phase, but the results identified by the pulse width and the GEV distribution continued to indicate debris, which may be related to the fine debris in this stage. From around 11000 min, all methods had an upward trend correspond to the failure, which were also proved by the final inspections.
Among the four methods, RMS can indicate the overall charge level in the oil-line, but cannot indicate the instantaneous generation of the debris. Moreover, since the charge sources in the oil are complex, the OLS signals and its RMS value are susceptible. The GEV distribution-based method is an improvement of the RMS-based method. The mean value of the GEV distribution can show the trend of the overall charge, which is similar to the RMS value. However, in addition, the GEV distribution can also reflect the changes of the extreme value in the signal, which is usually corresponding to the debris. Therefore, the GEV distributionbased method can indicate the debris better in each period. RMS-based method and GEV distribution-based method are both based on the statistical analysis of OLS signals to reflect the debris indirectly. While the cross-correlationbased methods and pulse waveform-based methods are intended to directly identify the debris. For the correlationbased method, because of its principle, it is ineffective for fine debris monitoring and situations where the amount of debris is low. What's more, the correlation-based method can only judge if there is debris occurring in the period of time, but the amount of debris can't be identified. The experimental results also showed the information obtained by the correlationbased indicator was much less than that of the other three methods. The method of pulse width can identify all the debris theoretically by directly recognizing the amplitude and pulse width of the debris signal. The experimental results proved the effectiveness of this method. Compared to the GEV distribution, the method based on identifying the pulse width is more direct in debris recognition and better in real time, but the GEV distribution can provide the information about the overall charge of the oil flow.
Conclusions
This paper further researched the OLS by detailing the characteristics of the sensor and developing two more reasonable and precise debris recognition methods based on the characteristics of the sensor. Through developing the detailed mathematical model of the OLS, this paper proved that the amplitude and pulse width of the signal could be used to indicate the debris and their change rules were obtained as the characteristics of the sensor. Then a new OLS test rig was developed, which creatively used an oil drop charge device to simulate the charged debris. The OLS test rig verified the correctness of the mathematical model and the characteristics of the OLS, the experimental width data of which could fit the simulation data very well. The practical application of OLS in the gearbox evaluated the feasibility of OLS and the two new debris recognition methods. Compared to the traditional methods, the new methods were proved to be able to provide more information of debris and improve the sensor detection capability.
However, as the proposed methods use the raw signals in the time domain directly, only the signals from the stable working conditions of the gearbox can be used so as to ensure the accuracy of the recognition result. In addition, the methods put forward in this paper only focused on the identification of the occurrence and the amount of debris, whereas the morphological information was not involved too much. In the future, the relationships between the signals and the size, the material properties, and other morphological information will be further studied, which can make the electrostatic more effective on fault diagnosis.
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